Induced bronchoconstriction in normal subjects can be transiently reversed by a deep breath (airway hysteresis). The mechanisms of airway hysteresis are not fully understood. The aim of these studies was to determine whether the nature of the deep breath (slow or fast inspiration, five or 10 second breath hold) affects the resultant bronchodilatation. Bronchoconstriction was induced in 10 normal subjects by inhalation of histamine until specific airway conductance (sGaw) was halved (mean (SEM) post-histamine sGaw 0.099* (0 009) s`cm H20-'). A subsequent deep breath to total lung capacity (TLC) increased sGaw by 57% (13%) and neither the rate of inspiration to TLC nor periods of breath holding at TLC produced a significantly different degree of bronchodilatation. Reducing the volume of the deep breath produced progressively less bronchodilatation and this was no longer significant after a breath to 68% (2%) TLC. To determine whether the volume of the deep breath or the accompanying increase in transpulmonary pressure (PstL) was responsible for the effect on sGaw, subjects were studied with an oesophageal balloon in place with and without their chest strapped. Subjects took a deep breath to a PstL of 20 cm H20 after bronchoconstriction had been induced by histamine. The degree of bronchodilatation (mean (SEM) %) was not significantly different (strap on 25 (6) , strap off 36 (5)) even though significantly larger lung volumes (as % TLC) were reached with the strap off (strap on 57 (2), strap off 78 (3)). These results suggest that PstL rather than lung volume during a deep breath determines airway hysteresis.
In 1948 Melville and Caplan' reported that a maximal lung inflation could overcome induced bronchoconstriction in dogs. Nadel and Tierney2 subsequently found a similar phenomenon in man. They found that inspiration to total lung capacity (TLC) by normal (non-asthmatic) subjects reduced induced bronchoconstriction but had no effect on resting airway resistance. Fairshter Airway resistance (Raw) and thoracic gas volume (TGV) were measured in a constant volume body plethysmograph from three to five panting breaths according to the methods described by DuBois et al 1415; specific airway conductance (sGaw) was derived from these values. This was followed by an expiration to residual volume and inspiration to TLC. The subjects then inhaled a variable number of breaths of histamine in concentrations from 8 to 32 mg/ml using a dosimeter until a decrease in sGaw of at least 30% was achieved. They were then instructed not to take a deep breath, cough, or sigh before the subsequent controlled deep breath manoeuvre, which was followed by a repeat measurement of sGaw (that is, TGV and Raw) 10 seconds later. The controlled deep breath consisted of the following series of manoeuvres: (1) inspiration to TLC (inspiratory flow at subjects' discretion); (2) inspiration to 80% TLC, with feedback on an oscilloscope; (3) inspiration to 60-70% TLC, again with the oscilloscope (originally a volume of 60% TLC was aimed for, but this was difficult as for some subjects a tidal breath already exceeded 60% TLC); (4) inspiration to TLC with a five second breath hold at TLC; (5) inspiration to TLC with a 10 second breath hold at TLC; (6) rapid inspiration to TLC (flow rates measured with a pneumotachograph); (7) slow inspiration to TLC, again with measured flow rates. The total duration of the experiments was 15-3 hours for each subject. Because of the transitory nature of histamine induced bronchoconstriction more histamine had to be administered intermittently by dosimeter to maintain the bronchoconstriction.
CHEST STRAPPING
The chest strapping experiments were performed with eight further volunteers at the Royal North Shore Hospital. The subjects (age range 22-35 years) had no history of asthma or respiratory disease and gave informed consent to the protocol, which had been approved by the hospital's medical ethics review committee.
On day 1 baseline Raw, TGV, and TLC were determined in a constant volume body plethysmograph as before. After baseline studies histamine (5 g/100 ml) was administered with a hand held deVilbiss glass nebuliser. From 10 to 30 puffs were given until Raw doubled. An inspiration to TLC with remeasurement of sGaw followed. On day 2 an oesophageal balloon catheter was inserted via the nose to mid oesophagus and connected to one end of a differential pressure transducer (Validyne + 100 cm H2O), the other end being connected to a side tap at the mouth so that PstL could be recorded.'6 A corset like device was then tightly fastened around the thorax and sGaw and TLC were measured. Histamine was administered as on day 1. The subjects were then instructed to take a breath to a PstL of 20 cm H2O, lung volume and PstL being recorded on a chart recorder. Ten seconds later (timed with a stop watch from deep breath to shutter closure) sGaw was remeasured. On day 3 the above protocol was repeated without chest strapping-that is, after inhaling histamine the subjects inspired to a PstL of 20 cm H20 but the lung volume reached was now substantially higher than on day 2. The order of the manoeuvres on days 2 and 3 was randomised.
All manoeuvres were performed four to six times and the mean results for all the subjects were analysed.
ANALYSIS
Changes in sGaw and TLC after the different manoeuvres were compared by analysis of variance with multiple comparisons between groups (Student's-Newman-Keuls test). A p value below 0 05 was accepted as significant.
Results
All subjects had a PD20FEV, for histamine of more than 8 mg/ml. Histamine inhalation was well tolerated, with minimal flushing and hoarseness.
EFFECTS OF LUNG VOLUME, BREATH HOLDING AND RATE OF INSPIRATION ON HISTAMINE INDUCED BRONCHOCONSTRICTION
Mean baseline (SEM) sGaw for the 10 subjects was 0 205 (0.0 17) s-' cm H20-'. After histamine inhalation sGaw decreased significantly to 0 099 (0 009) s-' cm H20-1 (p < 0-00 1)-that is, sGaw was approximately halved. There was no significant difference in the post-histamine Table 3 subjects s-', mean inspiratory flow 2-7 (0 3) 1 s-1) were significantly faster (p < 0-001) than the slow inspirations (peak flow 1-3 (0 2), mean inspiratory flow 0-6 (0 1) 1 s-').
The mean % a sGaw-that is, the difference between post-histamine sGaw and sGaw after each breathing manoeuvre-is plotted in figure  1 PstL-transpulmonary pressure; TLC-total lung capacity. 
Discussion
This study has shown that in normal subjects deep breath induced bronchodilatation depends on the lung volume reached, being significantly smaller at volumes below 70% TLC. The rate of inspiration to TLC and a period of breath holding at TLC did not influence the degree of bronchodilatation significantly. Finally, the chest strapping study suggested that the increase in PstL rather than lung volume is responsible for the bronchodilatation. We had to consider whether airway conductance or specific conductance was the more appropriate expression of airway calibre in these studies. None of the bronchodilator responses that followed the deep breath manoeuvres was associated with a significant change in FRC, suggesting that either measurement would be reasonable. sGaw was chosen because it reduced the interindividual variability. The statistical results using Gaw, however, were identical in pattern to those using sGaw.
The main potential source of error in the experiments lay in the possibility that subjects would fail to attain the correct volumes and PstL on inspiration. With appropriate instruction and visual feedback accuracy proved to be not too difficult and we obtained values close to those desired. The 60-70% TLC inspirations were a little more difficult as this was quite close to the end of normal tidal breath for many of the subjects. It has previously been shown that the increase in sGaw after a deep breath is maximum at the earliest possible measurement (about seven seconds) after the deep breath and that it then declines non-linearly with time until it approaches the preinflation value by 60 seconds.718 The measurements were therefore timed with a stopwatch and made as close as possible to 10 seconds after the peak of the inspiration.
The initial part of this study clearly showed that the change in sGaw was related to the depth of the previous inspiration. Although Butler et al in 1960'9 showed in man that lung elastic recoil was responsible for the relation between airway conductance and lung volume, the emphasis subsequently has in general been on the effects of lung volume. Bouhuys and colleagues20 suggested that the use of partial expiratory flow-volume curves initiated from 60% TLC may be a more sensitive index of bronchoconstriction than measurements made from manoeuvres begun at TLC. This technique, which has subsequently become widely used, focuses attention on the relation offlow to lung volume. Previous work, however, suggests that PstL and the stretch applied to airway smooth muscle rather than lung volume is the cause of the observed airway hysteresis.592' The present study clearly shows that inspiration to the same PstL with widely different lung volumes and with a chest strap on and off results in similar increases in sGaw. The slightly (but not significantly) larger change in sGaw (36% versus 25%) with the chest strap removed raises the possibility ofa type II error. The first part of the study, however, showed that inspiration to only 60-70% TLC does not lead to significant bronchodilatation, yet with the chest strap applied inspiration to only 56 6% TLC resulted in a significant increase in sGaw. Thus the group data point to PstL as the determining factor and make the possibility ofa type II error less likely.
Closer inspection of the individual responses with the chest strap applied (table 2) shows that the subjects can be divided into two groups. Subjects 1, 2, 5, and 7 had minimal bronchodilator responses whereas subjects 3,4, 6, and 8 had responses similar to the ones they had with the chest strap removed (table 3) . We could find no feature ofthese subjects to explain these different responses. With the extreme degree of chest constriction induced by the strap, however, considerable chest wall and lung distortion must have resulted. This may have varied, depending on the chest configuration and chest wall compliance of each subject, and may serve to explain some of these differences by introducing regional inhomogeneities of transmural airway pressures."
The effects of rate of inspiration (or rate of change of PstL) have been examined in vitro and in vivo previously. Sasaki and Hoppin5 cycled precontracted dog airways through a range of simulated breath frequencies and volumes. The range of frequencies was from 0-0017 to 1 Hz. They showed that the degree of hysteresis of airway cross sectional area depended on cycling frequency, with the greatest hysteresis observed at a slow 0-017 Hz. By 
